Lorentz force velocimetry (LFV) is a noncontact electromagnetic flow measurement technique for liquid metals that is currently used in fundamental research and metallurgy. Up to now, the application of LFV was limited to the narrow class of liquids whose electrical conductivity is of the order 10 6 S/m. Here, we demonstrate that LFV can be applied to liquids with conductivities up to six orders of magnitude smaller than in liquid metals. We further argue that this range can be extended to 10 À3 S/m under industrial and to 10 À6 S/m under laboratory conditions making LFV applicable to most liquids of practical interest. In spite of remarkable advances in flow measurement, [1] [2] [3] [4] it is currently impossible to measure the flow rate of tap water in a copper pipe without mechanical contact between the flowmeter and the pipe. Whereas, metering of tap water does not represent a grand scientific challenge, there are a variety of less mundane situations where noncontact flow measurement through opaque walls or in opaque liquids would be highly desirable. Such applications include flow metering of chemicals, food, beverages, blood, aqueous solutions in the pharmaceutical industry, molten salts in solar thermal power plants, 5 and high temperature reactors 6 as well as glass melts for high-precision optics.
Lorentz force velocimetry (LFV) is a noncontact electromagnetic flow measurement technique for liquid metals that is currently used in fundamental research and metallurgy. Up to now, the application of LFV was limited to the narrow class of liquids whose electrical conductivity is of the order 10 6 S/m. Here, we demonstrate that LFV can be applied to liquids with conductivities up to six orders of magnitude smaller than in liquid metals. We further argue that this range can be extended to 10 À3 S/m under industrial and to 10 À6 S/m under laboratory conditions making LFV applicable to most liquids of practical interest. In spite of remarkable advances in flow measurement, [1] [2] [3] [4] it is currently impossible to measure the flow rate of tap water in a copper pipe without mechanical contact between the flowmeter and the pipe. Whereas, metering of tap water does not represent a grand scientific challenge, there are a variety of less mundane situations where noncontact flow measurement through opaque walls or in opaque liquids would be highly desirable. Such applications include flow metering of chemicals, food, beverages, blood, aqueous solutions in the pharmaceutical industry, molten salts in solar thermal power plants, 5 and high temperature reactors 6 as well as glass melts for high-precision optics. 7 Here, we demonstrate that Lorentz force velocimetry (LFV) 8 which has been developed for a narrow field of application-namely flow measurement of liquid metals in metallurgy 9 -can be transformed into a universal noncontact flow measurement technique using ideas of Henry Cavendish 10 and successors [11] [12] [13] [14] for the measurement of Newton's gravitational constant G. Our simple flowmeter to be described below, whose measurement uncertainty is considerably larger than in state-of-the-art G-measurements, shows already that LFV can be applied to liquids with electrical conductivities from 10 6 S/m down to 1 S/m. After having presented our experimental results, we shall further argue using order-of-magnitude estimates that this range can be extended to 10 À3 S/m under industrial and to 10 À6 S/m under laboratory conditions making LFV applicable to most liquids of practical interest. Finally, at the end of the present work we will comment on the speculative historical question whether Michael Faraday's unsuccessful attempt to measure the velocity of Thames River using electromagnetic induction 15 could have been turned into a success if the principle of LFV was known to him.
A noncontact flowmeter is a device that is neither in mechanical contact with the liquid nor with the wall of the pipe in which the liquid flows. Such flowmeters are highly desirable in applications where pipe walls are at temperatures above 1000 C like in glassmaking 7 and metallurgy. Noncontact flowmeters are equally useful when walls are contaminated like in the processing of radioactive materials, when pipes are strongly vibrating or in cases when portable flowmeters are to be developed. If the liquid and the wall of the pipe are transparent and the liquid contains tracer particles, laser-based optical flow measurement techniques 1, 16 represent an effective and efficient tool to perform noncontact measurements. However, if either the wall or the liquid are opaque as is often the case in food production, chemical engineering, glass making, and metallurgy, very few possibilities for noncontact flow measurement exist. To accurately define our terminology, it should be noticed that ultrasonic Doppler velocimetry 2 does not formally belong to the family of noncontact flow measurement methods since it requires mechanical contact between the transducer and the wall of the pipe. Inductive flowmeters do not belong to the category of noncontact flowmeters 3 either because they require contact between the sensing electrodes and the liquid or between the electrodes and the wall of the pipe.
LFV is an electromagnetic noncontact flow measurement technique that was invented in the 1960s (Ref. 3) and that has been recently developed to the state, 8, 17, 18 where its application in aluminium production 9 and steelmaking 19 is imminent. The basic principle of LFV is explained in Figure  1 (a). When an electrically conducting fluid, for instance liquid aluminium or salt water, is exposed to the action of a magnetic field produced by a permanent magnet, eddy currents are induced in the fluid. 20 The eddy currents and the magnetic field create a Lorentz force which brakes the fluid. Due to Newton's third law, a force with equal strength but opposite direction must then act upon the magnet. It was shown in Ref. 8 that the Lorentz force F can be written in the form
Here, c is a dimensionless calibration constant that depends on the shape of the magnet system and the flow geometry, r Author to whom correspondence should be addressed. Electronic mail: thess@tu-ilmenau.de. (2012) is the electrical conductivity of the liquid, q is the volume flux, B is the magnetic flux density at a certain reference point in the fluid, and L is the hydraulic diameter of a pipe. LFV consists in measuring the force F and deducing the unknown flow rate q from this measurement.
The following numerical example illustrates why the application of LFV to liquid metals is straightforward, whereas its application to weakly conducting fluids like glass melts, food, and chemicals has remained an unresolved challenge. Assume that c
and that the mass of the permanent magnet is 1 kg. Then, Eq. (1) predicts that F ¼ 1 N for a liquid metal with r ¼ 10 6 S/m, whereas F ¼ 1 lN for a glass melt with r ¼ 1 S/m and F ¼ 5.5 pN for ultrapure water with r ¼ 5.5 Â 10 À6 S/m. Hence, the ratio between the useful Lorentz force F and the unavoidable dead weight F G of the mag-
for glass melts and food, and F/F G % 5.5 Â 10 À13 for ultrapure water. These figures demonstrate that in order to apply LFV to weakly conducting fluids one must measure tiny Lorentz forces acting upon comparatively heavy permanent magnets-a task that requires force measurements with similar accuracy as those used in the experimental determination of Newton's gravitational constant G. [10] [11] [12] [13] [14] We demonstrate the feasibility of LFV in weakly conducting liquids by setting up the experiment sketched in Figure 1 . A turbulent flow of salt water 21 with electrical conductivities in the range 2.3 S/m r 6.2 S/m is set up in a channel with rectangular cross section whose walls are made of glass. The height of the channel is 50 mm and the width of the channel is 30 mm. The wall thickness is 2 mm and hence the cross section of the liquid is 26 Â 46 mm 2 . The flow is exposed to a non-uniform magnetic field created by a magnet system consisting of two identical blocks of NdFeB permanent magnets held together by an aluminium frame. The size of the permanent magnets is 30 mm Â 30 mm Â 70 mm, the gap between the poles is 32 mm, and the total mass of the magnet system is m ¼ 1.286 kg and thus F G ¼ 12.62 N. Numerical computations of Lorentz forces acting upon magnet systems with different shapes and yokes interacting with a translating electrically conducting solid bar have indicated that a lightweight non-ferromagnetic yoke made of aluminium is superior to an iron yoke. The superiority is expressed by the fact that F/F G -which is the key optimisation parameter for magnet systems in LFV-is higher for the aluminium yoke than for an iron yoke. The maximum of the transverse component of the magnetic field in the vertical symmetry plane (halfway) between the two magnet poles is 0.410 T. Details of the magnetic field distribution are provided as supplementary material. 28 The magnet system is attached to an aluminium frame by four tungsten wires with a diameter of 125 lm and is free to oscillate as a pendulum as sketched in Figure 1(b) . The restoring force due to the stiffness of the wires is much weaker than the restoring gravity force and is therefore neglected. It is straightforward to show that the Lorentz force F displaces the pendulum by x ¼ k À1 F, where the "spring constant" of the pendulum k ¼ (22.94 6 1.21 Â 10
À2
) N/m (at the 2Àsigma uncertainty level 22 ) is determined by the equation k ¼ mg/l, where l ¼ 0.550 m is the length of our pendulum and g ¼ 9.810151 m/s 2 is the acceleration of gravity in the laboratory where the experiment was performed (latitude 50 40 0 51.6 00 N, longitude 10 56 0 3.84 00 E, height 474 m). The value of g is taken from the Gravity Information System of the Physikalisch-Technische Bundesanstalt Braunschweig (Germany). The measured frequency of free oscillation of the pendulum 0.682 Hz was found to be in agreement with the value (0.672 6 3.53 Â 10
À4
) Hz computed from the values of l and g given above. The horizontal displacement x of the magnet under the action of the flow is measured using a commercial laser interferometer 23 with a corner cube mirror fixed to the pendulum. This interferometer has a resolution of 1 nm. All parts of the experiment are attached to a nonferromagnetic granite block which is in turn embedded in a box filled with sand in order to suppress vibrations coming from the environment. The mean velocity of the salt water flow is determined using an ultrasonic flowmeter. ) is exposed to the magnetic field generated by a lightweight permanent-magnet system hanging on a fourwire pendulum. The displacement of the pendulum is measured using an interferometer as sketched in (b): 1 -He-Ne-Laser, 2 -beam splitter, 3 -reference corner cube reflector, 4 -photo detector, and 5 -measurement corner cube reflector.
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Wegfrass et al. Appl. Phys. Lett. 100, 194103 (2012) The results of the measurements are plotted in Figure 2 . The experimental data show that the Lorentz force is an almost linear function of the mean velocity u, as expected. The data also confirm that the slope of the function F(u) increases with increasing electrical conductivity of the salt water. This demonstrates the feasibility of contactless electromagnetic flow measurement in a weakly conducting liquid. Notice that other electromagnetic flow measurement methods involve either mechanical contact such as the traditional inductive flowmeter 3 or have insufficient sensitivity for electrolytes such as eddy current flowmeters 17, 24 or contactless electromagnetic flow tomography. 25 The validity of the experimental data is confirmed by the results of numerical simulations plotted as linear functions in Figure 2 . Given the fact that the exact velocity profile is unknown in the present experiment, the numerical simulations are carried out under the assumption that a solid body with the same electrical conductivity as the salt water undergoes a translational motion with a velocity equal to the mean velocity of the liquid. The numerical simulation includes a three-dimensional solution of the full magnetostatic problem as well as an eddy current computation.
Based on Eq. (1), it is possible to determine the calibration constant of our Lorentz force flowmeter from the experimental data as c exp ¼ 0.2863 6 0.1020. In calculating c exp , we use the reference values B ¼ 0.383 T and L ¼ 0.03 m. The numerical results are in good agreement with the experiments which is exemplified by the corresponding value c num ¼ 0.2840 of the numerical calibration constant.
The validity of the calibration formula (1) permits us to draw several far reaching conclusions about the potential applicability of LFV to weakly conducting liquids other than salt water. The present flowmeter prototype is simple and inexpensive in comparison to pendulum experiments measuring G, 14 yet it already allows measurements with a resolution of approximately F/F G ¼ 10
À7
. If our displacement measurement system was upgraded to that used in Ref. 14, the resolution would increase by two orders of magnitude. Recent design studies and numerical simulations 26 indicate that a further optimization of the magnet system combined with flattening the cross section of the channel would increase the product cB 2 by another order of magnitude. These measures would increase the resolution to F/F G ¼ 10 À10 and allow a further extension of the applicability of LFV from r ¼ 1 S/m to r ¼ 1 mS/m thereby covering the vast majority of all industrially relevant liquids including slugs, slurries, and other complex systems. More sophisticated improvements such as lightweight magnet systems based on high-temperature superconductors and replacement of the four-wire pendulum by a torsional pendulum 27 10 in 1798. Our work demonstrates that such measurement is more than a mere theoretical possibility and could be actually carried out. It would be an intriguing and challenging task to actually perform the hypothetic "Faraday-Cavendish experiment" at Waterloo Bridge on the occasion of the 200th anniversary of Faraday's original experiment to be celebrated in 2032.
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